The effect of different sample structures of an iron-tungsten model system (as a surrogate for reduced activation ferritic martensitic steels like EUROFER) on the development of surface morphologies, tungsten surface enrichment and sputter yields under low-energy monoenergetic perpendicular 200 eV deuterium bombardment has been studied with SDTrimSP-2d simulations. Previous modeling studies considering diffusive effects also could reasonably reproduce and explain the experimental results for a large set of experimental parameters like temperature, flux and sample concentration. However, for settings with negligible Fe-W-interdiffusion the fluence needed for steady-state conditions differed between the experiments and the simulations. Thus, the main focus of the present study is directed towards the elucidation of this fluence mismatch. Comparison of one and two-dimensional simulation results reveal a strong dependency of the tungsten enrichment on the sample homogeneity and a significantly delayed reduction of the erosion yield due to a pronounced formation of surface structures from initially flat sample surfaces.
Introduction
Usage of bare reduced activation ferritic martensitic (RAFM) steel tiles has recently been considered as a possible option for the plasma-facing component in the far-SOL region of a future fusion reactor. RAFM steels like EUROFER contain important concentrations of heavy elements with tungsten being the most prominent component. These different components in RAFM steels will be eroded differently, leading to changes in surface composition and erosion yield, where the sputter yield of eg. EUROFER decreases to less than 10% of the iron sputter yield at very high fluences [1] . Ion beam analysis showed an enrichment of W at the exposed surface [2] correlating with the yield reduction and binary-collision based simulations including solid-state diffusion on iron-tungsten model systems agreed qualitatively with the measured data for different sample compositions and temperatures [3] . Unfortunately, the limited experimental depth resolution did not allow to confirm the predicted W enrichment within the first monolayers unambiguously. Therefore, it still remains unclear whether the W enrichment is the only mechanism underlying the yield reduction or if also topography changes contribute to the observed effects as recent SEM * Corresponding author.
E-mail address: udo.v.toussaint@ipp.mpg.de (U. von Toussaint) . studies seem to indicate. However, without detailed investigation of the counteracting effects of roughening surfaces on the erosion, i.e. an increase of the sputter yield by non-perpendicular impact as well as effective surface area and a decrease by the reduced particle escape probability even the sign of the effect is hard to predict, not even to mention the magnitude or the fluence dependence. Here we present a detailed study of the 2D-surface morphology evolution and the sputter yields of the iron-tungsten model system under 200 eV deuterium impact for different samples.
Experimental observations
In several previous studies [1, 2, 4, 5] sputtering of iron-tungsten model systems and RAFM steels like EUROFER and F82H under low-energy deuterium bombardment have been investigated. Although a wealth of experimental data is now available we focus subsequently on two aspects: a) the fluence dependence of erosion and b) morphology changes.
Generally a reduction of the sputter yield on fluence scales of the order of ∼10 25 D/m 2 as indicated in Fig. 1 a is observed. Subsequent analysis of exposed Fe-W layers by Rutherford backscattering backs the predicted enrichment process of W at the surface, although the surface layer cannot be resolved fully. However, an increasing smoothing of the iron-edge in the RBS spec- Fig. 1 b (figure adapted from [2] ). Although the image appears on a large scale pretty homogeneous, the formation of small structures not present in the as-deposited case (cf. [2] ., Fig. 2 a) can already been recognized. This interpretation is also supported by SEM images of RAFM steels after exposure [4] , which indicate an even stronger structure formation under D bombardment compared to the Fe-W system. At elevated temperatures (above ∼900 K) surface segregation of tungsten may also become important [5] .
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Computational approach
Many properties of the Fe-W layer system under low energy Dbombardment (200 eV) have recently been modelled by dynamic SDTRimSP-simulations taking into account also solid-state diffusion [3] , i.e. the flux dependency of the W surface enrichment, the influence of the initial (homogeneous) tungsten concentration and of exposure temperature. The simulation results based on a 1-D sample structure (i.e. the sample composition is only a function of depth c = c ( x ) ) show generally good agreement with measurements. Many of the observed effects can be rationalized by a non-monotonic sputter yield dependency of tungsten on the sample composition. As can be seen from Fig. 2 a where data derived from a 1D SDTrimSP simulation are displayed, the sputter yield of iron increases monotonically-as it is to be expected-with the iron concentration in the sample. In contrast, the sputter yield of tungsten is zero for a pure tungsten sample but exhibits a broad maximum for tungsten concentrations in the range of 20% to 60% W: The bombarding species is monoenergetic deuterium with an energy of 200 eV and perpendicular impact. For this deuterium energy the energy transfer to a tungsten atom is below the sputter threshold, such that tungsten sputtering can only occur via energy transfer by an intermediate iron-tungsten collision. This explains the non-monotonic variation of the tungsten sputter-yield as function of the iron concentration: if there is no iron present, tungsten cannot be sputtered.
The biggest discrepancy between the measured data and the simulation results is the observation of a much faster convergence of the erosion yield towards the steady-state value with D fluence in the simulations compared to the measurements. As can be seen from There are many possible explanations for this difference between experiment and simulation, as eg. small amounts of heavy plasma impurities, which suppress tungsten enrichment. However, given that it is a quite general observation in several devices and together with the information provided by the SEM images, the questionable (although ubiquitous) assumption of a smooth surface in the simulations could also be responsible for the difference. To clarify this we need to model the consequences of surface roughness and thus inhomogeneous samples.
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SDTrimSP-2D
The physical model implemented in the Monte Carlo code family SDTrimSP for the simulation of ion-solid interactions is based on the binary collision approximation [6] . The present model allows to calculate ion-transport in amorphous materials (since the positions of the collisions partners are chosen randomly from an appropriate distribution), the formation of collision cascades in three dimensions and induced mixing processes.
However, it was also noted that the angular dependence of the sputtering yield severely hampers approaches to describe surfaces with a pronounced roughness by 1D models [7, 8] , although attempts have been made to consider the effect of roughness by weighted averaging of surface patches at inclined angles [9] or by a fractal model of the surface [10] . For that reason the SDTrimSP-2D code (for a description of the code see [11] ) has been developed to simulate the interaction of impinging energetic particles with 2D non-planar surfaces. It has been validated in a series of experiments using several target systems, including tungsten surfaces and optical gratings [12] [13] [14] .
Computation and results
The simulations are computationally demanding due to the need of small fluence steps and the additional spatial dimension which needs to be sampled. To avoid excessive running times solid-state diffusion was not considered and the results apply to conditions where solid-state diffusion can be neglected, i.e. sample temperatures below ∼600 K [3] . Collision-cascade induced mixing effects are taken into account, however, more subtle effects like enhanced (surface) diffusion by ion-bombardment or ion-induced segregation which may become relatively more important at lower temperatures are not included in the present model.
Sample composition
The average sample composition used in the study had a irontungsten ratio of 8:1 by volume which, considering the respective atomic densities, converts into an atomic fraction of 91.5% iron and 8.5% tungsten. However, the sample structure has been varied: to take into account the inhomogeneous distribution of tungsten in RAFM-steels as well as the agglomeration of tungsten observed in scanning electron microscopy images [2] of the iron-tungsten model system the available tungsten has been spread as elemental pure tungsten blocks throughout a pure iron matrix. The size of the tungsten blocks has been varied, from 5 Å × 5 Å up to 30 Å × 30 Å , where the simulation lattice parallel and perpendicular to the surface was matched to the smallest length scale of 5 Å . but clearly recognizable surface layer with increased tungsten concentration has been formed. Underneath that layer an apparent depletion of tungsten takes place, which becomes even more pronounced with increasing fluence. However, this 'depletion' is in fact an increase of the iron density due to recoil (forward) implantation of iron into the subsurface layers. This effect of recoil implantation can also be seen in the concentration profiles given in It should be noted that simulations with an impact angle of 30 degrees result in almost identical surface morphologies developments and sputter yield dependencies.
Results
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Conclusion and outlook
Simulations of Fe-W models systems under low-energy (200 eV) deuterium bombardment were performed using SDTrimSP-simulations (1D-simulations for perfectly smooth surfaces and homogeneous sample compositions) and 2D-simulations for inhomogeneous samples. In the case of inhomogeneous samples the structure size of tungsten 'precipitates' has decisive influence on the sputter yield and on the fluence dependent development of the sputter yield. Larger tungsten particles result in initially larger sputter yields and in increased fluence scales until steady-state conditions are obtained. These increased fluence scales exceed the fluences required for convergence in the 1D case by orders of magnitude and thus resemble much better the fluence scales needed in experiments to reach steady-state. Therefore the consideration of the surface morphology development in the Fe-W system appears to be crucial.
Of special interest in the ongoing studies is the effect of small amounts of heavy impurities on the tungsten surface enrichment, the morphology and the associated sputter yields. Not only will in future fusion devices seeding gases be used for radiative cooling and thus also interact with the walls but also because in most present day plasma devices impurities cannot be fully avoided and therefore their consideration may be crucial for the interpretation of the experimental results.
